into five groups having characteristic elimination patterns. By increasing the pH from 7.0 to 8.5, the 36 elimination levels increased for the amine-containing micropollutants due to the increased apparent 37 second-order ozone rate constants while decreased for most micropollutants due to the diminished 38 ozone or  OH exposures. Increased  OH quenching by effluent organic matter and carbonate with 39 increasing pH was responsible for the lower  OH exposures. Upon H 2 O 2 addition, the elimination 40 levels of the micropollutants slightly increased at pH 7 (<8%) while decreased considerably at pH 41 8.5 (up to 31%). The elimination efficiencies of the selected micropollutants could be predicted 42 based on their ozone and  OH rate constants (predicted or taken from literature) and the determined 43 ozone and  OH exposures. Reasonable agreements between the measured and predicted elimination 44 levels were found, demonstrating that the proposed chemical kinetics method can be used for a 45 generalized prediction of micropollutant elimination during wastewater ozonation. Out of 67 46 3 analyzed micropollutants, 56 were present in the tested hospital wastewater effluent. Two-thirds of 47 the present micropollutants were found to be ozone-reactive and efficiently eliminated at low ozone 48 doses (e.g., >80% for gO 3 /gDOC = 0.5). 49 50
Abstract

24
Determining optimal ozone doses for organic micropollutant elimination during wastewater 25 ozonation is challenged by the presence of a large number of structurally diverse micropollutants for 26 varying wastewater matrices compositions. A chemical kinetics approach based on ozone and 27 hydroxyl radical (  OH) rate constant and measurements of ozone and  OH exposures is proposed to 28 predict the micropollutant elimination efficiency. To further test and validate the chemical kinetics 29 approach, the elimination efficiency of 25 micropollutants present in a hospital wastewater effluent 30 from a pilot-scale membrane bioreactor (MBR) were determined at pH 7.0 and 8.5 in bench-scale 31 experiments with ozone alone and ozone combined with H 2 O 2 as a function of DOC-normalized 32 specific ozone dose (gO 3 /gDOC). Furthermore, ozone and  OH exposures,  OH yields, and  OH 33 consumption rates were determined. Consistent eliminations as a function of gO 3 /gDOC were 34 observed for micropollutants with similar ozone and  OH rate constants. They could be classified 35 into five groups having characteristic elimination patterns. By increasing the pH from 7.0 to 8.5, the 36 elimination levels increased for the amine-containing micropollutants due to the increased apparent 37 second-order ozone rate constants while decreased for most micropollutants due to the diminished 38 ozone or  OH exposures. Increased  OH quenching by effluent organic matter and carbonate with 39 increasing pH was responsible for the lower  OH exposures. Upon H 2 O 2 addition, the elimination 40 levels of the micropollutants slightly increased at pH 7 (<8%) while decreased considerably at pH 41 8.5 (up to 31%). The elimination efficiencies of the selected micropollutants could be predicted 42 based on their ozone and  OH rate constants (predicted or taken from literature) and the determined 43 ozone and  OH exposures. Reasonable agreements between the measured and predicted elimination 44 levels were found, demonstrating that the proposed chemical kinetics method can be used for a 45 generalized prediction of micropollutant elimination during wastewater ozonation. Out of 67 46
Introduction
55
In recent years, ozonation has been intensively tested as an advanced wastewater treatment 56 technology from laboratory-to full-scale studies and demonstrated to be a useful, economically 57 feasible method to improve the quality of municipal wastewater effluents (Flyborg et . These studies have shown that ozonation of secondary wastewater effluents can achieve 61 significant abatement of many organic micropollutants and inactivation of bacteria and viruses at 62 reasonable specific ozone doses (e.g., gO 3 /gDOC = 0.5  1.0 in which the mass-based ozone to 63 dissolved organic carbon ratio is a common operating parameter for ozone applications). Significant 64 reductions of in vitro and in vivo toxicities were also demonstrated after ozonation or ozonation 65 followed by biological filtration (Escher et The presence of a large number of structurally diverse micropollutants in wastewater matrices 68 from various sources has been found to be challenging for ozonation process design for 69 7 treatment process were required such as ozonation or powered activated carbon (PAC) addition 138 (Kovalova et al., 2013; Oulton et al., 2010) . EfOM characteristics of the MBR permeate can differ 139 from those from conventional activated sludge because larger biopolymers (e.g., >10 kDa) can be 140 removed by ultrafiltration in the MBR (see Supporting Information, Figure S1 ). Considering these 141 characteristics of hospital wastewater effluents treated by MBR (i.e., larger number of structurally 142 diverse micropollutants and smaller average size of EfOM), they are a good candidate to test the 143 chemical kinetics approach for predicting micropollutant elimination during ozonation. 144
To test and validate the chemical kinetics approach for micropollutant elimination prediction, a 145 hospital wastewater effluent from a pilot-scale MBR was selected and treated in a bench-scale with 146 ozone alone and the O 3 /H 2 O 2 advanced oxidation process (AOP) for various specific ozone doses 147 (gO 3 /gDOC). The pH was set to 7.0 and 8.5 to test the pH-effect in a typical pH-range of municipal 148 wastewater effluents. The elimination levels of 25 micropollutants originally present in the 149 wastewater effluent at concentrations >0.1 g/L were quantified after each treatment and compared 150 with the model predictions. The k O3 -and k OH -values for the selected micropollutants were taken 151 from literature or estimated using a QSAR approach (Lee et al., 2012) 
Materials and Methods
161
Standards and reagents 162
All chemicals and solvents (95% purity or higher) were used as received from various 163 commercial suppliers. Ozone stock solutions (1  1.5 mM) were produced by sparging ozone 164 containing oxygen gas through deionized water that was cooled in an ice bath. An ozone generator 165 from Innovatec, Rheinbach (model CMG 3-3, Germany) was used. 
Hospital wastewater effluents 172
Hospital wastewater effluents were taken as composite samples (24 hrs) from a pilot membrane 173 bioreactor (MBR) installed at the cantonal hospital in Baden, Switzerland. The MBR was operating 174 continuously for one year from April 2009 to March 2010 to treat 0.5% of the hospital wastewater 175
(1.2 m 3 per day) taken flow-proportionally from the hospital sewer collection system. Water quality 176 parameters of the MBR permeate used for ozonation experiments were: DOC = 5.1 mgC/L, pH = 8.5, 177 alkalinity = 7.7 mM as HCO 3
.2 mgN/L, and Br  = 178 32 g/L. The pH of the wastewater effluent during the MBR operation was 8.1  8.5. Further details 179 of the MBR pilot plant can be found elsewhere (Kovalova et al., 2012) . 180 181
Ozonation of wastewater effluent 182
The sampled hospital wastewater effluent (i.e., MBR permeate) was analysed for the presence of 183 67 target micropollutants including pharmaceuticals, their metabolites, and corrosion inhibitors (SI,  184   Tables S1 and S2 ). Among these target micropollutants, 25 compounds (Table 1) were selected for  185 assessing their elimination efficiency during ozonation. The ambient concentration of the 25 186 compounds were >0.1 g/L except bezafibrate ( Figure S2 ). As the elimination behaviour of 187 bezafibrate as an ozone-probe compound was important in this study, it was spiked to the wastewater 188 effluent to achieve 1.6 g/L. Elimination of the remaining 42 compounds could not be determined 189 because their concentrations were below the method quantification limit, or were too low to 190 determine elimination levels >50%, or the uncertainty of the analytical method was too high. 191
Ozonation was performed in bench-scale using the wastewater effluent at pH 8.5 (original) and at 192 pH 7.0 (adjusted by adding H 2 SO 4 ) and at a range of specific ozone doses (gO 3 /gDOC = 0.25, 0.5, 193
1.0, and 1.5) and hydrogen peroxide doses (molar ratio H 2 O 2 /O 3 = 0, 0.25, and 0.5) at room 194 temperature (222C). Aliquots of ozone stock solutions were added under vigorous stirring to a 195 series of identical reaction solutions (500 mL). For ozone/hydrogen peroxide experiments, stock 196 solutions of hydrogen peroxide were added before the ozone addition. In experiments for the 197 elimination of the indicator compounds (i.e., carbamazepine, bezafibrate, and para-chlorobenzoic 198 acid (pCBA)), these compounds were spiked at 1 M (a few hundreds g/L) and then ozonated in a 199 25 mL reaction flask. After several hours (note that ozone decay was completed within 0. Among the 56 micropollutants detected in the hospital wastewater effluent, the k O3 -or k OH -207 values were not available for 39 micropollutants (see Table S2 ). These rate constants were predicted 208 in this study using a QSAR approach (Lee and von Figure S2 ), which allows the determination of a wide range 251 of their elimination levels during ozonation (typically 0  >90%). These compounds were then 252 classified into five groups according to their k O3 -and k OH -values (Table 1) . The k O3 -and k OH -values 253 for these compounds were taken from literature (see footnotes in Table 1 ) or predicted using the 254 QSAR and the group contribution method (Table S3) benzenes and gabapentin with a primary amine as the ozone-reactive sites, respectively (Table 1) . 281
The k O3 -values of benzotriazole and gabapentin increase by a factor of 10 and 30, respectively, with 282 an increase of pH from 7 to 8.5 due to the presence of a dissociable triazole and primary amine 283 moiety, respectively. Group III compounds have low reactivities with ozone (k O3,pH7 and k O3,pH8.5 < 284 50 M 1 s 1 ) while appreciable reactivities with
and valsartan were classified into group III. These compounds contain benzene with mono-or di-286 substitution(s) (e.g., alkyl or halogen) in which  OH shows still high reactivity due to its rapid 287 benzene ring-addition mechanism (Minakata et al., 2009 ). In addition to weakly-activated benzenes, 288 aliphatic hydrocarbons with electron-donating alkyl substituents and >5 C atoms can show high 289 reactivity to  OH due to a rapid H-abstraction mechanism. Finally, fluconazole, iopromide, and 290 levetiracetam were classified into group IV. Fluconazole and iopromide are composed of benzenes 291 with multiple halogens, triazoles, or small hydrocarbon chains with electro-negative hydroxyl-and 292 amide-moieties all of which show negligible reactivity to ozone and low reactivity to  OH. Similarly, 293 levetiracetam is composed of short hydrocarbon chains with amide-moieties (Table S2) . 294 (Table 1) . Error bars represent standard deviations of the measurements 299 at each treatment condition. The standard deviations were usually below 5% and increased up to 9% 300 for only a few cases, indicating that the results were quite reproducible. Figure S3 or Table S4 shows 301 the average % elimination data for each group of micropollutants. 302 Figure 1 shows the % elimination of the group Ia (carbamazepine, clarithromycin, diclofenac, 303 furosemide, lidocaine, mefenamic acid, ranitidine, sotalol, sulfamethoxazole, and sulfapyridine) and 304 group Ib (atenolol acid, 4-methylbenzotriazole, metoprolol, tramadol, and venlafaxine) 305 micropollutants as a function of the specific ozone doses (gO 3 /gDOC = 0.25, 0.5, 1.0, and 1.5) at pH 306 7.0 and 8.5. The elimination of group Ia compounds was efficient: at gO 3 /gDOC  0.5, the 307 elimination level approached the method quantification limit (>92100%) at both pH conditions. 308
Even at gO 3 /gDOC = 0.25, the average elimination level was 80% (6592%) which is still 309 considerable ( Figure S3 ). This elimination level is comparable to that observed in municipal 310 wastewater effluents (=91%) at the same specific ozone dose (i.e., gO 3 /gDOC = 0.25) with a 311 negligible of ozone demand exerted by nitrite (Lee et al., 2013) . The high elimination efficiency for 312 group Ia compounds can be attributed to their high apparent k O3 -values (k O3,pH7 and k O3,pH8.5 > 10 Table 1 ). Direct ozone reactions mainly contributed to the elimination of these compounds, 314
i.e., 74% at pH 7.0 and 814% at pH 8.5 and the remaining 26% was due to the reaction with  OH 315 ( Figure S4 ). The elimination level at gO 3 /gDOC = 0.25 decreased slightly (<6%) with an increase of 316 pH from 7.0 to 8.5 for carbamazepine, diclofenac, furosemide, mefenamic acid, ranitidine, 317 sulfamethoxazole, and sulfapyridine. These compounds except sulfapyridine show near constant 318 k O3,pH7 -and k O3,pH8.5 -values as the corresponding ozone-reactive moieties do not change theirspeciation with variations in pH ( Table 1 ). The reduction in elimination efficiency can be explained 320 by the slightly reduced ozone exposure in the tested wastewater effluent at the higher pH caused by a 321 more rapid ozone decay (Hoigné, 1998) . In contrast, the elimination level slightly increased for 322 clarithromycin and lidocaine by 14% and 9%, respectively, whose k O3,pH-8.5 -values are 24-and 5-fold 323 larger than k O3,pH-7 -values (Table 1) . For these compounds, the enhancement in the elimination level 324
by the larger k O3 -value outcompeted the smaller ozone exposure at the higher pH. 325
The elimination efficiency of group Ib compounds was lower than for group Ia, especially for pH 326 7, which is consistent with their lower k O3 -values (Table 1 ). The average elimination levels of group 327
Ib compounds at pH 7 were 36% and 77% at gO 3 /gDOC of 0.25 and 0.5, respectively, and >98% at 328 gO 3 /gDOC  1.0. For pH 8.5, the average elimination levels were 53% and 96% at gO 3 /gDOC of 329 0.25 and 0.5, respectively, which were about 20% larger compared to those for pH 7. Near complete 330 elimination (>98%) was achieved at gO 3 /gDOC  0.5 with an elimination pattern similar to the group 331 Ia compounds ( Figure S3 ). This result is consistent with the larger (226-fold) k O3,pH8.5 -values than 332 k O3,pH7 -values for the group Ib compounds. The contribution of the direct ozone reaction to the 333 overall elimination for the group Ib compounds was 26% and 67% at pH 7.0 and 8.5, respectively, 334 which was lower than for group Ia ( Figure S4 ). For pH 7,  OH contributed more than ozone to the 335 elimination of group Ib compounds due to relatively low
The % eliminations of group II (N(4)-acetyl-sulfamethoxazole, benzotriazole, bezafibrate, and 337 gabapentin), group III (oxazepam, primidone, and valsartan), and group IV compounds (fluconazole, 338 iopromide, and levetiracetam) are shown in Figure 2 . The elimination of pCBA as an  OH-probe 339 compound is also shown in Figure 2 for comparison. The elimination efficiency of the group II 340 compounds is lower than that of groups Ia & Ib, which is consistent with their lower k O3 -values 341 (Table 1) . The average elimination levels of the group II compounds at pH 7 were 28%, 55%, 92%,and >95% at gO 3 /gDOC of 0.25. 0.5, 1.0, and 1.5, respectively. At pH 8.5, the average elimination 343 levels were slightly lower: 19%, 46%, 88%, and >95% at the same specific ozone doses, respectively 344 ( Figure S3 ). For the group II compounds, reactions with  OH are estimated to be mainly responsible 345
for their elimination and their contribution is 89% and 92% at pH 7 and 8.5, respectively ( Figure S4) . 346 Therefore, the lower elimination level with the pH increase for the group II compounds is mainly 347 attributed to a reduced diminished  OH exposure. It will be shown later that the  OH consumption 348 rate increases by a factor of 2 with an increase of pH from 7.0 to 8.5, which is consistent with a 349
The average elimination levels of group III compounds at pH 7 were 29%, 55%, 91%, and >96% 351 at gO 3 /gDOC of 0.25, 0.5, 1.0, and 1.5, respectively. At pH 8.5, the average elimination levels were 352 slightly lower and were 21%, 45%, 79%, and >92% at the same specific ozone doses, respectively 353 ( Figure S3 ). This similar elimination efficiency for the group II and III compounds can be explained 354 by the fact that  OH is mainly responsible for their elimination ( Figure S4 ) and the k OH -values for 355 these compounds are quite similar (6.810 9 < k OH <10 10 M 1 s 1 , Table 1 ). The lower elimination 356 levels at the higher pH observed for oxazepam and valsartan can again be explained by a lower  OH 357 exposure (see below). The elimination levels of pCBA were slightly lower than that of group II and 358 III compounds but the elimination behaviour was quite similar, which is consistent with the 359 reactivity of pCBA with ozone and
The elimination levels of group IV compounds (fluconazole, iopromide, and levetiracetam) were 362 lower than for the other groups and were 17%, 31%, 64%, and >83% for pH 7 and 13%, 31%, 50%, 363
and >69% for pH 8.5 at gO 3 /gDOC of 0.25, 0.5, 1.0, and 1.5, respectively ( Figure S3 ). The lower 364 elimination of group IV is attributed to the lower k OH -values for these compounds, k OH =(3.34.4)10 9 M 1 s 1 (Table 1 ). The reaction of  OH was estimated to be 100% responsible for the 366 elimination of fluconazole and levetiracetam. For iopromide, however, the reaction of  OH explained 367 only 84% and 53% of its elimination at pH 7 and 8.5, respectively ( Figure S4) Kovalova et al. 2013 ). This is caused by a rapid consumption of ozone by EfOM (within a few 378 minutes) for relatively low specific ozone doses (gO 3 /gDOC < 0.5). This reaction outcompetes the 379 relatively slow reaction of ozone with H 2 O 2 . Therefore, there is a limited effect on the elimination 380 efficiency of the ozone-reactive micropollutants (i.e., group I), which is already high (>80% 381 elimination). For ozone-resistant micropollutants (i.e., groups III and IV), the elimination efficiency 382 increased only slightly (<10%) by addition of H 2 O 2 during ozonation of wastewater effluents at pH 383 7 ( Lee et al., 2013) . This can be attributed to the slightly higher yield of  OH in the O 3 /H 2 O 2 384 process compared to conventional ozonation. For drinking waters with lower DOC and high 385 carbonate in which ozone decay is slow, nevertheless, it was shown that H 2 O 2 had a larger effect on 386 the elimination efficiency of ozone-resistant micropollutants (Acero and von Gunten, 2001 ). 387 addition. This is consistent with previous observations that the  OH scavenging rate or  OH exposure 400 is not significantly affected by H 2 O 2 addition and  OH is mainly responsible for the elimination of 401 these compounds (Acero and von Gunten, 2001 ). However, the elimination level for oxazepam, 402 primidone, and iopromide decreased by 17%, 13%, and 12%, respectively. Analytical uncertainty 403 might be responsible for this unexpected behavior, but the reason is currently not entirely clear. 404
Overall, it is concluded that H 2 O 2 addition has a marginally positive (pH 7) or even a negative effect 405 (pH 8.5) on the micropollutant elimination efficiency during ozonation of the selected hospital 406 wastewater effluent. 407 408
3.4.
 OH and ozone exposures 409 Figure 4 shows the  OH exposures determined in the tested wastewater effluents at pH 7.0 and 410 8.5 as a function of the specific ozone dose. The  OH exposure increased linearly with increasing 411 ozone doses and the data could be approximated by using two linear regressions with the specific 412 ozone dose ranges of 0  gO 3 /gDOC < 0.6 (phase I) and 0.6 < gO 3 /gDOC  1.7 (phase II). The 413 slope of the linear lines in Figure 4 represents EfOM with increasing ozone dose due to EfOM oxidation might explain the higher slopes in the 419 phase II compared to the phase I. Nevertheless, it should be noted that this is just an empirical 420 interpretation of the two-phasic behavior of the  OH exposure. The observed slopes in the phase II 421 are within the ranges reported previously for municipal wastewater effluents (3.010 10  5.310
10
M s, Lee et al., 2013). 423
Ozone exposures determined at various specific ozone doses are shown in Figure 5 . The ozone 424 exposures for gO 3 /gDOC = 1 were measured directly from the area under the ozone decay curves 425 ( Figure S5 ). The ozone exposures for gO 3 /gDOC of 0 to 1 were determined indirectly on the basis of 426 the elimination of carbamazepine (CMP) and bezafibrate (BZF) in the following two different 427 specific ozone dose range, i.e., gO 3 /gDOC = 0.050.3 using CMP and 0.30.7 using BZF, 428 respectively. Eq 2 can be derived from a rearrangement of the eq 1 and used to calculate the ozone 429 exposure: 430 
Prediction of micropollutant elimination 455
The determined ozone and  OH exposures (Figures 4 and 5) were used to predict the elimination 456 levels of 25 micropollutants (Table 1) as a function of specific ozone dose by eq 1. Figure 6 shows 457 that for both pH conditions, the elimination prediction is reasonable: for pH 7, r 2 = 0.87, and the 458 standard errors of estimate (S y,x ) = 9.6; for pH 8. to the values reported previously for municipal wastewater effluents while the  OH yields for pH 8.5 479 (=19  41%) were on average 6% higher compared to pH 7, which is opposite to the trend observed 480 for the  OH exposure. This contradiction can be explained by a significantly higher  OH 481 consumption rate with increasing pH, resulting in a lower  OH exposure. 482
The  OH consumption rate was determined by a competition kinetics method using tert-butanol 483 as a competitor for gO 3 /gDOC = 1. As shown in Figure 8, The two-fold greater k OH-EfOM -value at pH 8.5 than at pH 7 might be attributed to deprotonation of 495 phenol-or amine-moieties in EfOM resulting in higher  OH reaction rate constants (Buxton et al., 496 1988). Overall, the two-fold increase of the overall  OH consumption rate for pH 8.5 compared to 497
The average k OH/EfOM -value during ozonation of municipal wastewater effluents at pH 7.2(0.2) 499 was reported to be (2.10.
and von Gunten, 2010 ; von Sonntag and von , which is similar to the k OH/EfOM -value 501 determined in this study for pH 7. However, it was reported previously that k OH-EfOM -values 502 increased with decreasing average MW of the EfOM (Dong et al., 2010) . Our data support previous 503 observations that k OH/EfOM -values do not depend strongly on size characteristics of EfOM (Lee et al., 504 2013) . The EfOM in the tested wastewater effluent is taken from the MBR permeate that is mainly 505 composed of molecular weight (MW) fractions of < 1 kDa due to the removal of larger biopolymer 506 fractions (MW > 10 kDa) by ultrafiltration ( Figure S1 ). 507 (Table 1) , the elimination efficiency could be well predicted 513 using the kinetic information (i.e., ozone and  OH rate constants and exposures). The same approach 514 can be used to predict the elimination efficiency of the remaining 31 micropollutants based on k O3 515 and k OH . For this, unknown k O3 -and k OH -values were estimated for 22 micropollutants using a 516 QSAR and the group contribution methods, respectively (Tables S2 & S3) . For the other 9 517 micropollutants, the k O3 -and k OH -values were taken from literature (Table S2) . As a next step, these 518 31 micropollutants were classified into the five groups based on their k O3 -and k OH -values (Table S2) . 519
Based on this assessment, 38 among the 56 micropollutants belong to groups Ia & Ib, indicating 520 two-thirds of the micropollutants found in the hospital wastewater effluent can be efficientlyeliminated (e.g., >80% at gO 3 /gDOC = 0.5). It is also noteworthy that all iodinated contrast media 522 belong to group IV (iomeprol, iopamidol, iopromide, and ioxitalamic) or group V (diatrizoate) 523 compounds (Table S2) , which require high specific ozone doses for sufficient elimination (e.g., 70% 524 elimination levels for gO 3 /gDOC = 1.0). A previous study found that over 80% of the micropollutant 525 load in effluents of a MBR-treated hospital wastewater was due to iodinated contrast media 526 (Kovalova et al., 2012) . 527 528
Bromate formation 529
Ozonation of bromide-containing waters can form bromate, a probable human carcinogen with a 530 drinking water standard of 10 g/L (von Gunten, 2003b) . Information is currently limited for 531 bromate formation levels during ozonation of municipal wastewater effluents. Figure S10 ( or Table  532 S5) shows the bromate formation at (a) pH 7 and (b) pH 8.5 as a function of the specific ozone dose 533 after treatment of the selected hospital wastewater effluent with ozone alone and ozone/hydrogen 534 peroxide. Under both pH conditions, bromate formation was less than 10 g/L at gO 3 /gDOC  1.0, 535 and smaller at pH 8.5 than pH 7.0 which is consistent with lower exposures for ozone and  OH. The 536 low bromate formation is mainly attributed to the low initial bromide level of 33 g/L. Overall, the 537 formation of the potentially carcinogenic bromate was not an issue for ozonation of the selected 538 hospital wastewater. compounds (e.g., para-chlorobenzoic acid). 553  Ozone exposure can be indirectly estimated using O 3 -probe compounds (e.g., carbamazepine or 554 bezafibrate) especially for low specific ozone doses. For more reliable measurements, direct 555 measurements from ozone decay curves are recommended. 556  With increasing pH from 7.0 to 8.5, the elimination levels increased for ozone-reactive compounds 557 with amine-moieties due to the higher ozone rate constants while decreased for most ozone-558 resistant compounds due to the reduced  OH exposure caused by increased  OH quenching rate by 559 effluent organic matter and carbonate with increasing pH. 560  The effect of H 2 O 2 addition on micropollutant elimination efficiency during ozonation was slightly 561 beneficial for pH 7 but led to a smaller removal at pH 8.5 especially for some ozone-reactive 562 compounds due to a decreased ozone exposure. 563  Two-thirds of the micropollutants (38 out of 56) present in the hospital wastewater effluent were 564 compounds containing ozone-reactive moieties such as phenols, anilines, activated aromatics, 565 amines and thioethers and could be efficiently eliminated at low specific ozone doses (e.g., 939% 566 at gO 3 /gDOC = 0.5). 567  Iodinated contrast media, which constituted 80% of the mass load in the selected hospital 568 wastewater effluent, were eliminated relatively inefficiently, e.g., 70% for gO 3 /gDOC = 1.0 for 569 iopromide, due to low ozone and  OH rate constant. 570 571 572
Supporting Information 573
Tab es S1−S5 a Figures S1−S10 are available for further additional supplementary material and 574 data. Experimental conditions: pH = 7.0 (filled bars) and 8.5 (empty bars), specific ozone doses 7 (gO 3 /gDOC) = 0.25, 0.5, 1.0, and 1.5), and T = 222C. 8 The % areas in the bars represent the relative  OH scavenging rate by EfOM and carbonate species 3 (HCO 3  and CO 3 2 ).  OH scavenging rate was determined by using a competition kinetics method 4 employing tert-butanol as a competitor.  Elimination of micropollutants in hospital wastewater ozonation was well predicted.
 O 3 and  OH rate constants could be predicted by QSARs and group contribution method.
 O 3 and  OH exposures could be measured using proper O 3 -and  OH-probe compounds.
 Most micropollutants in hospital wastewater effluent could be efficiently eliminated.
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